Integrins are a large family of transmembrane heterodimeric proteins that constitute the main receptors for extracellular matrix components. Integrins were initially thought to be primarily involved in the maintenance of cell adhesion and tissue integrity. However, it is now appreciated that integrins play important roles in many other biological processes such as cell survival, proliferation, differentiation, migration, cell shape and polarity. Lung cells express numerous combinations and permutations of integrin heterodimers. The complexity and diversity of different integrin heterodimers being implicated in different lung diseases present a major challenge for drug development. Here we provide a comprehensive overview of the current knowledge of integrins from studies in cell culture to integrin knockout mouse models and provide an update of results from clinical trials for which integrins are therapeutic targets with a focus on respiratory diseases (asthma, emphysema, pneumonia, lung cancer, pulmonary fibrosis and sarcoidosis).
INTRODUCTION
Respiratory disease is defined as any disease that could impair lung functions. There are many types of respiratory diseases which include: 1) asthma and emphysema that obstruct the airflow of the lung, 2) pneumonia resulting from bacteria and virus infection, 3) lung cancer characterized by the uncontrolled growth and spread of abnormal cells, and 4) pulmonary fibrosis and sarcoidosis which stiffen and scar the lung. Despite the current standard treatments for various respiratory diseases, they remain the third leading killer with one in six deaths in the United States [1] . An estimated 400,000 Americans die from respiratory diseases every year and diseases such as asthma are associated with substantial health impairment and work disability [1] .
Integrins are a large family of transmembrane proteins that constitute the main receptors for extracellular matrix (ECM) components. Integrins were initially thought to be primarily involved in the maintenance of cell adhesion and tissue integrity. However, further studies demonstrated that integrins also influence cell survival, proliferation, differentiation, migration, shape, polarity and other biological processes [2] [3] [4] [5] .
Upon interactions with ECM proteins, integrins activate downstream signaling pathways via direct or functional association with: 1) intracellular adaptors, such as p130Cas and Grb2; 2) cytosolic tyrosine kinases, such as Src family kinase (SFK) and focal
INTEGRIN GENE FAMILY
The integrin family exists as non-covalently linked heterodimers of α-and β-subunits. There are 18 α and 8 β subunits encoded by the human genome. To date, 24 functional integrin receptors have been described via various combinations of the α and β subunits [8] . The ligand binding properties of integrins are defined by the α subunit, while the downstream signaling events are thought to be defined by the β subunit [9] . Many α subunits associate with only a single β subunit, while some α subunits associate with more than one β subunit (for example, αv may assemble with subunit β1, β 3, β 5, β 6 and β 8). Some integrins are able to recognize several ECM proteins, while others bind to only one type of ligand. Although in vitro studies have demonstrated considerable functional overlap among the integrin heterodimers, inactivation of individual integrins in mice has produced unique phenotypes (as discussed later). This suggests that the large number of integrins supports an array of unique functions.
Integrins are transmembrane receptors that mediate bi-directional signals through the cell membrane. On the cell surface, integrins exist in inactive, low affinity conformation states. With exception, Minagawa and colleagues showed that integrin αvβ8 adopts a constitutively active, extended-closed headpiece conformation on the cell surface by hydrodynamic, mutational and electron microscopy methods and thus does not fit the conventional models of integrin activation [10] . It is believed that the function of integrin αvβ8 is modulated by the metalloproteolytic cleavage of latent TGF-β [11] . Integrins can signal through the cell membrane in both directions: inside-out signaling and outside-in signaling. The extracellular binding activity of integrins is regulated from the inside of the cell (inside-out signaling). Switching of affinity state of integrins to an active conformation allows for inside-out signaling. In contrast, the signals that are transmitted into the cells are elicited by the binding of ECM proteins on integrins (outside-in signaling) [12] . It is through these signaling activation events that integrins regulate cell attachment, survival, proliferation, cell spreading, differentiation, cytoskeleton organization, cell shape, cell migration, gene expression, tumorigenicity, intracellular pH, and increase in concentration of cytosolic Ca 2+ [13] . To activate downstream signaling pathways, integrins assemble signaling complexes termed "integrin adhesome" [14] . There are up to 156 distinct proteins in the integrin adhesome, some of which are fundamental to the adhesion site, while others only transiently associate. The integrin adhesome-associated proteins include talin, paxillin, filamin, integrin-linked kinase (ILK), FAK, p130Cas, SFK and GTPases of the Rho family [14] [15] [16] [17] .
One of the key signaling events upon integrin ligation is the activation of FAK. FAK is a non-receptor tyrosine kinase with SH2 domain binding sites. Upon integrin activation, integrins cluster and autophosphorylate at position tyrosine 397 (Y397). FAK binds to this phosphorylated site and recruits other proteins containing the SH2 domain. This includes the binding of SFK, leading to increased activation of the FAK-SFK complex which further phosphorylates downstream signaling players. One of the downstream targets of FAK is the Rho family of GTPases, which consists of Rac, Cdc42 and RhoA [18, 19] . Activation of Rac, Cdc42 and Rho A is critical for the organization of the actin cytoskeleton and for the recruitment of other signaling molecules to the focal adhesion site. FAK activation also recruits phosphatidylinositol-3-kinase (PI3K), leading to the activation of Akt [5, 20] . The PI3K-Akt pathway mediates survival signaling via increased Bcl-2 protein expression. In addition, FAK represents a crosstalk point with the growth factor receptor pathway [21] . Studies have shown that the activation of MEK1 and Raf1 via integrin mediated FAK-Src signaling is required for MAPK activation [22, 23] . This suggests that the integrin and growth factor receptor signaling may be integrated via the Ras-Raf-MEK-MAPK pathway to regulate key cellular functions such as cell proliferation.
INTEGRIN EXPRESSION IN THE LUNG
Integrins are expressed in various lung cell types and they may play important roles in regulating lung development. These include branching morphogenesis, epithelial cell polarization and differentiation. To determine the role of specific integrins in lung development, various studies have been done to investigate the expression patterns of integrins in foetal, human and murine lung developments [24] [25] [26] [27] .
Eight different integrins which include α2β1, α3β1, α5β1, α6β4, α9β1, αvβ5, αvβ6 and αvβ8 are found to be expressed on human airway epithelial cells [28] [29] [30] [31] [32] [33] . The expression patterns of these integrins in epithelial cells are different. For example, integrins α3 and α6 are diffusely expressed across the epithelial cells but integrin α2 is only found to be expressed on the branching tips of the cells [27] . Although epithelial cells express integrins α3 and α6, the subcellular distribution of these integrins are developmentally regulated. Young epithelial cells express integrins α3 and α6 pericellularly. As epithelial cells mature, they express integrins α3 and α6 basally [27, [34] [35] [36] . This suggests that integrins α3 and α6 might play an important role in lung epithelial maturation, development and basement membrane organization, whereas integrin α2 may be responsible for assembly and extension of epithelial tubule into mesenchyme in branching morphogeneisis. Integrins α2β1 and α3β1 are thought to play key roles in homotypic cell-cell interaction in the epithelium [37] [38] [39] . However, the significance of this finding is uncertain since other studies have shown that there are no defects in epithelial cell-cell interactions in either integrin α2-or α3-null mice [40] [41] [42] . The integrin α6β4 is found to be important for the maintenance of epithelial integrity. This is evident by integrin α6-or β4-null mice which die soon after birth due to severe skin blistering [43, 44] . The other integrins (α5β1, α9β1 and αvβ5) are not expressed in healthy human epithelial cells but are rapidly induced on these cells upon lung inflammation and injury [11, 32, 45, 46] . Thus, these integrins serve as detectors to allow the lung cells to sense and respond to injury and inflammation in the lung.
Integrins such as α1β1, α2β1, α5β1 and αvβ3 are expressed on lung endothelial cells. Wu and colleagues demonstrated that integrin α1 is stained positively on the airway endothelial cells and large blood vessels while integrin α2 is present on lung mesenchymal cells which mainly constitute the endothelium [27] . Another study showed that integrins α5β1 and αvβ3 are expressed on the mesenchyme of the embryonic lungs [47] . This is supported by another study showing that integrin αvβ3 is extensively evident in the endothelium of alveolar micro-vessels and vascular smooth muscle [48] . Taken together, these studies suggest that the integrins expressed on lung endothelial cells may regulate blood vessel formation and microvascular permeability.
Other integrins such as α2β1, α4β1, α5β1, and α11 are expressed on lung fibroblasts, whilst integrins α5β1, α7β1 and αvβ5 are expressed on airway smooth muscle. Integrins α4β1, α5β1, αEβ7 and β2 are expressed on respiratory T lymphocytes and leukocytes [7, [49] [50] [51] [52] [53] [54] [55] [56] . Collectively, all these studies demonstrate that there are differential expression of integrins during lung development and dysregulation of their expression in the lungs may contribute to respiratory diseases. Table 1 summarizes the distribution of integrins in various lung cell types and their association with respiratory diseases. Fig. (1) illustrates integrin expressions in various respiratory diseases.
INTEGRINS AND THEIR ASSOCIATION WITH RESPIRATORY DISEASES

INTEGRIN α1β1 IN ANGIOGENESIS
The integrin α1β1 plays a key role in angiogenesis (formation of new blood vessels) and its expression is elevated in asthma, non-small-cell lung cancer (NSCLC) and sarcoidosis [57] [58] [59] . In asthma, angiogenesis constitutes one of the structural changes seen in airway wall remodeling. Activation of integrin α1β1 on endothelial cells is essential for VEGF-induced angiogenesis within the airway [57] , thus promoting airway wall remodeling in asthmatic subjects. In NSCLC, the tumors are smaller and less vascularised in KrasLA2/α1-null mice when compared with KrasLA2/ α1 wild-type mice [58] . This suggests that the integrin α1β1 is involved in the growth of Kras-induced NSCLC, potentially by promoting angiogenesis.
INTEGRIN α4β1 IN INFLAMMATION
The integrin α4β1 is expressed on cells in inflammatory diseases such as asthma, sarcoidosis and pulmonary fibrosis. Accumulation of leukocytes, mainly eosinophils in the airway is one of the characteristic features of asthma [60] . The integrin α4β1-expressing eosinophils are able to transmigrate across human pulmonary microvascular VCAM-1-expressing endothelial cells [61] . Sarcoidosis is a chronic lung inflammation characterized by the accumulation of lymphocytes in the lung [7] . The overexpression of integrin α4β1 in human lymphocytes during sarcoidosis aids lymphocyte extravasation to the site of inflammation within the lung [49] . Collectively, these studies suggest that the integrin α4β1 plays an essential role in the recruitment of pro-inflammatory cells to the lung, contributing to inflammatory diseases.
INTEGRIN α5β1 IN SURVIVAL AND ADHESION/ MIGRATION
The integrin α5β1 is associated with asthma, epithelial injury and repair, NSCLC, pulmonary fibrosis and sarcoidosis due to its diverse roles in cell signaling. It primarily regulates the survival and adhesion/ migration signaling pathways. The expression of integrin α5β1 and its ECM ligand fibronectin are increased in the asthmatic airways [62] . Thus, the integrin mediated survival signaling from ECM proteins may be one of the mechanisms underlying the increased bulk of smooth muscle cells in airway wall remodeling [53] . In epithelial injury and repair, integrin α5β1 is required for epithelial cell migration and spreading for wound closure [32] . In NSCLC, increased expression of integrin α5β1 enhanced tumor cell survival and invasiveness on disrupted collagen matrix [63] . During pulmonary fibrosis, increased numbers of fibroblasts have been attributed to the migration/i nvasion of lung fibroblasts across the basement membrane to the site of wound via integrin α5β1-fibronectin signaling, leading to scarring of the lung [51] . In sarcoidosis, the integrin α5β1-fibronectin signaling is required for lymphocyte adhesion to the endothelial cells and their subsequent migration to the site of inflammation [49, 50] . Taken together, these studies demonstrate that the integrin α5β1 is essential for the survival and adhesion/migration signaling of various cells in respiratory diseases.
INTEGRIN αVβ6 IN TGFβ SIGNALING
The integrin αvβ6 mediates emphysema, NSCLC, pulmonary fibrosis, acute lung injury, influenza infection, epithelial injury and repair due to its ability to activate the TGFβ signaling pathway. Studies on integrin β6 knockout mice suggest that integrin αvβ6 may play a role in emphysema [64, 65] . Loss of integrin αvβ6 leads to the loss of latent TGFβ activation. Since TGFβ inhibits macrophage metalloelastase (MMP12), there is also a marked induction of MMP12 that degrades elastin. Therefore, integrin α6-null mice eventually develop age-dependent emphysema. In NSCLC, integrin αvβ6 activates the release of active TGFβ from the ECM to promote tumor progression and invasion [66, 67] . In patients with pulmonary fibrosis, integrin αvβ6 is over-expressed in pneumocytes lining the alveolar ducts and alveoli [68] . Additionally, integrin αvβ6 are dramatically upregulated in murine-model of bleomycin-induced pulmonary fibrosis [69] . The lungs of bleomycin-induced pulmonary fibrosis mice contained higher percentage and greater intensity of integrin αvβ6-positive epithelial cells than the salinetreated mice [69] . The use of a blocking antibody further revealed that the partial inhibition of integrin αvβ6 activation inhibits murine TGFβ-mediated pulmonary fibrosis [68] . Jenkins and colleagues demonstrated that protease-activated receptor 1 activates TGFβ in an integrin αvβ6-dependent manner via RhoA and Rho kinase signaling [70] . Another group while using lysophosphatidic acid to induce integrin αvβ6-mediated activation of TGFβ showed that G αq is an important link between integrin αvβ6 to RhoA and Rho kinase signaling [71] . This pathway is a critical step in the development of acute lung injury and fibrosis [70, 71] . Jolly and colleagues also demonstrated that the influenza virus infection led to increased integrin αvβ6-mediated TGFβ activation. The functional consequence of this is epithelial cell Vitronectin;
Fibrinogen
Epithelial cell * Increased expression of αv, β5, β6 and α5 is observed at the edges of surface epithelial wounds in an in vivo xenograft model of human bronchial epithelium.
* Similar up-regulation of αv, β5 and β6 is also seen in areas of undifferentiated airway from cystic fibrotic patients.
* Integrins mediate wound repair on different constitutive ECM in a cultured human airway epithelial cell line.
* β1 is required for epithelial cell migration and spreading for wound closure. [32, 136] ( Myofibroblast * α5β1 staining is apparent mainly on fibroblasts and differentiated myofibroblasts after 7 days of bleomycin treatment.
* α5β1 plays a key role in the activation, proliferation, differentiation and increased ECM synthesis of these cells during pulmonary fibrogenesis.
[ 139] apoptosis and increased collagen deposition, which are critical steps in exacerbations of pulmonary fibrosis [72, 73] . Collectively, these studies demonstrate that the integrin αvβ6 is an activator of TGFβ and that functional alterations in the TGFβ signaling pathway increase the susceptibility to emphysema, NSCLC and pulmonary fibrosis.
INTEGRIN α α7β1 IN AIRWAY WALL REMODELING
Airway wall remodeling is a prominent feature of asthma that contributes to chronic symptoms [74] [75] [76] . Airway wall remodeling is defined by a number of structural changes including increased mass of contractile airway smooth muscle cells, and fibrosis resulting from the accumulation of ECM proteins such as laminin. Increased expression of laminin is associated with asthma [77] . Our laboratory has recently demonstrated that the integrin α7β1 and its ECM protein laminin maintain and regulate contractile ASM phenotype and cell survival. This contributes to airway hyperresponsiveness and supports the enlargement of muscle bundles encircling the airways, a critical feature of airway wall remodeling [75] . Findings from our study suggests that targeting the laminin-integrin α7β1 signaling axis may offer new avenues for the development of therapies to reduce dysfunctions associated with contractile ASM cells in asthmatic patients.
INTEGRIN αEβ7 IN RESPIRATORY DISEASES
The expression of the integrin αEβ7 is enhanced on lymphocytes in the bronchoalveolar lavage fluid of patients with asthma, pneumonia and pulmonary fibrosis [55] . The integrin αEβ7 is expressed only on lymphocytes of the intraepithelial phenotype [78, 79] . The only ligand for this integrin is the epithelial Ecadherin. The precise role of integrin αEβ7 in these respiratory diseases is yet unknown but it has been suggested to be involved in the selective retention of lymphocytes in mucosal tissues of the lung during disease progression [55] . Further study in this area is warranted. TSP-1 is a major constituent of human blood platelets and it functions at the cell surface to bring together membrane proteins and cytokines that regulate the ECM and cellular phenotype [80] . TSP-1 interacts with integrins and is involved in respiratory diseases such as pneumonia, small cell lung carcinoma (SCLC) and pulmonary fibrosis.
Abnormalities were observed in the lungs of TSP-1 deficient mice. There is increased inflammatory cell infiltrates, fibroblastic and epithelial cell hyperplasia and matrix deposition in the lungs of these mice, and hemosiderein-laden macrophages were observed suggesting diffuse alveolar hemorrhage [81] . TSP-1 binds to integrins α4β 1 and α5β 1 in activated T-cell adhesion [82] . The binding of TSP-1 to integrins may aid in neutrophil adhesion and migration, monocytes chemotaxis, haptotaxis, and diapedesis [83] [84] [85] . The aberrant inflammation in TSP-1 deficient mice could be due to defects in recruitment and clearance of inflammatory cells via integrins. This results in pneumonia in the lungs of TSP-1 deficient mice, suggesting that TSP-1 is required in normal lung homoestasis [81] .
In SCLC, the adhesion of cancer cells to TSP-1 was inhibited by heparin (integrin α3β1 inhibitor) [86] . The adhesion of SCLC cells to TSP-1 via integrin α3β1 induced neurite-like outgrowth and inhibited SCLC proliferation [86] . The TSP-1-integrin α3β1-induced neurotypic differentiation of SCLC is further enhanced by epidermal growth factor (EGF), suggesting that TSP-1 and EGF work synergistically to induce differentiation of SCLC via integrin α3β1 [86] .
TSP-1 deficient mice are not protected from bleomycin-induced pulmonary fibrosis. These mice manifested higher expression of connective tissue growth factor and collagen deposition compared with wild type control mice [87] . This suggests that TSP-1 may basally suppress connective tissue growth factor and collagen expression. Moreover, TSP-1 deficiency 
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Sarcoidosis Pneumonia NSCLC appears to worsen pulmonary fibrosis in response to bleomycin. As TGFβ is involved in pulmonary fibrosis [88] and integrin αvβ6 mediates TGFβ activation [89] , TSP-1 may mediate the integrin α6β1-TGFβ activation in the pathogenesis of pulmonary fibrosis.
SPARC
Secreted Protein Acidic and Rich in Cysteine (SPARC) is a matricellular protein that mediates tissue repair and wound healing, and is a known target of TGFβ [90] . SPARC interacts with integrins and is involved in pulmonary fibrosis.
Immunohistochemical staining revealed that SPARC was observed in fibroblast of Masson bodies, fibroblast foci and interstitial fibroblast in pulmonary fibrosis [91] . SPARC binds to collagen III but not fibronectin [92] . Fibroblasts in the interstitial compartment of alveolar walls (collagen III rich) migrate to exudates in alveoli (fibronectin rich) during pulmonary fibrosis. Taken together, this suggests that SPARC may function early in pulmonary fibrosis by aiding fibroblast migration. SPARC regulates the production of integrin in an integrin-linked kinasedependent manner [93] [94] [95] . Barker and colleagues also demonstrated that SPARC modulates integrin-linked kinase activity in fibroblasts [96] . This suggests that migration of fibroblasts from alveolar walls to exudates in alveoli by SPARC may be integrin-dependent. Chang and colleagues showed that fibroblasts in pulmonary fibrosis have higher survival rate [97] . This may be attributed to elevated levels of SPARC which activates the PI3-Akt pathway via integrin, thus leading to glycogen synthase kinase-3β (GSK-3β) inhibition and β-catenin activation. β-catenin activation increased expression of plasminogen activator inhibitor-1 (PAI-1) which suppresses fibroblast apoptosis in pulmonary fibrosis. Therefore, the inhibition of SPARC-induced β-catenin signaling pathway may be a novel therapeutic target for pulmonary fibrosis [97] .
Periostin
Periostin is an extracellular matrix protein induced by IL-4 and IL-13 in airway epithelial cells [98] . Its expression is also induced by TGFβ in fibroblasts [98] . Periostin interacts with integrins to mediate allergic lung inflammation, asthma, NSCLC and pulmonary fibrosis.
Allergen-challenged periostin-deficient mice developed reduced eosinophil infiltration in the lung compared with wild type mice [99] . This suggests a direct role of periostin in promoting allergen-induced eosinophil infiltration into the allergic inflammatory lungs.
Recently, Takayama and colleagues demonstrated an upregulation of periostin in the lung epithelial cells by IL-13 and in the lungs of allergenchallenged wild-type mice [98] . Furthermore, periostin binds to integrins αvβ3 and αvβ5 to mediate fibroblast or malignant cell migration [100] . This suggests that the integrins expressed on eosinophils may bind to periostin on lung epithelial cells and thereby facilitate eosinophil recruitment to the lung of allergenchallenged mice.
In asthma, periostin deficiency leads to an increase in airway resistance and mucus production [101] . Allergen sensitization and challenge in periostin deficient mice had significantly higher PAS-staining index and Muc5ac and Gob5 expression compared with wild-type mice. This suggests that periostin attenuates mucus production that leads to airway resistance in asthma. Given that periostin binds to integrins αvβ3 and αvβ5 in cancer cells for adhesion and migration [100] , it may also bind to integrins α4 and β1/2 which are involved in asthma development and thus downregulate mucus production by repressing mucus production genes such as NF-κB. SP-1, and AP-1 [102] . The secretion of periostin is increased in lung fibroblasts in response to IL-4 and IL-13 stimulation, which are novel components of subepithelial fibrosis in bronchial asthma [98] . Secreted periostin binds ECM proteins such as fibronection, tenascin-C and collagen V [98] . Since the ECM proteins induce downstream signaling pathways via integrins, periostin-bound ECM proteins could potentially activate integrins, contributing to features of asthma.
In NSCLC, chemical hypoxia mimicking reagents increase periostin expression. The hypoxia responsive genes TGFα and bFGF induce the upregulation of periostin that in turn activates RTK/PI3K signaling cascade [103] . This signaling cascade confers survival of NSCLC. Bao and colleagues showed that periostin binds to integrin αvβ3 to promote cancer cell metastasis by activating the PI3K/Akt survival signaling pathway [104] . This suggests that periostin may interact with integrins to promote NSCLC survival via PI3K/Akt pathway.
In pulmonary fibrosis, periostin levels are elevated. Immunohistochemical staining showed that periostin stained mainly in areas of active fibrosis in the lung [105] . Okamoto and colleagues detected increased periostin levels in the lung of pulmonary fibrosis patients compared with healthy controls [106] . Periostin knockout mice were also protected from bleomycininduced pulmonary fibrosis [107] . Collectively, this suggests an important role of periostin in pulmonary fibrosis. Naik and colleagues demonstrated that TGFβ upregulates periostin expression in mesenchymal cells. Periostin in turn regulates ECM protein deposition, mesenchymal cell proliferation and wound closure, which are features of pulmonary fibrosis [105] . This suggests that TGFβ-induced periostin play an important role in the late stages of pulmonary fibrosis. Importantly, when OC-20, an antibody that prevents periostin from binding to integrin, was administered 10 days post-bleomycin treatment in wild type mice, it significantly reduced bleomycin-associated fibrosis [105] . This suggests that periostin binds to integrin to mediate pulmonary fibrosis in the lung.
PHENOTYPES OF INTEGRIN KNOCKOUT MICE IN RELATION TO THE LUNG
The availability of integrin knockout mice via gene targeting technology has increased our understanding of integrin functions. It reveals the unique functions each integrin have in the lung in vivo, whereby the deletion of a specific integrin results in distinctive phenotypes not shared by null mutations of other integrins. This is in contrast to the overlapping functions of integrins demonstrated in vitro. Table 2 summarizes the phenotypes of integrin knockout mice in relation to the lung.
Using integrin α1 knockout mice, Pozzi and colleagues showed that integrin α1 plays an important role in blood vessel formation in the lungs. Tumors implanted into these mice had reduced vascularization (reduced capillary number and size) [108] . This is due to the loss of integrin α1-induced tumor endothelial cell proliferation. In the same study, isolated α1-null endothelial cells from the lung also had reduced proliferation on the substrata. This suggests that the role of integrin α1 in angiogenesis is not restricted to tumor endothelial cells but also in the normal lung endothelial cells.
Kreidberg and colleagues demonstrated that the integrin α3 knockout mice showed severe decrease in bronchial branching and maturation of distal bronchioles [109] . In combination with other organ defects such as kidneys and cerebral cortex, integrin α3 knockout leads to death of mice shortly after birth [109] [110] [111] . Although both integrins α3 and α6 are expressed on lung epithelial cells, either integrin α3 or α6 knockout mice have normal lung development without any obvious lung defects [112] . Nonetheless, mice with double homozygous mutant for integrins α3 and α6 develop bilateral lung hypoplasia; a phenomenon characterized by low number and size of bronchopulmonary segments or alveoli in the lung [113] . This defect is not observed in either integrin α3 or α6 knockout mice, suggesting that the integrins α3 and α6 synergize in the normal development of the lung. It also suggests that the lack of either one integrin function may be compensated by the other to prevent bilateral lung hypoplasia.
Huang and colleagues showed that integrin α9 gene knockout mice exhibit increased volumes of pleural fluid, giving rise to bilateral chylothorax and respiratory failure [114] . The integrin α9-null mice also develop edema and lymphocytic infiltration (rich in lymphocytes, triglyceride, and cholesterol) in the chest wall. This study suggests that the integin α9 plays a critical role in the development of the thoracic duct and other lymphatic vessels essential for lung development.
Overall, studies in integrin knockout mice provided evidence that integrins promote respiratory disease progression and regulation of inflammation. The integrin β5 knockout mice were protected from increased vascular permeability in a model of acute lung injury [115] . This may be attributed to decreased angiogenesis resulting from the loss of integrin β5 on the pulmonary endothelial cells. The integrin αvβ6 knockout mice showed age-dependent pulmonary emphysema due to the loss of TGFβ activation, leading to increased Mmp12 levels in the integrin αvβ6-null mice and promoting emphysema development [65] . Integrin β6 knockout mice also had severe lung inflammation (elevated lymphocyte accumulation in the conducting airways) and exhibited airway hyperresponsiveness to acetylcholine, a hallmark of asthma [64] . An enhanced lung inflammation observed in integrin β6 knockout mice suggests the role of integrin αvβ6 in downregulating inflammatory responses [89] . In this study, integrin β6 knockout mice are protected from bleomycin-induced pulmonary fibrosis, a model that is critically dependent on TGFβ signaling. This protection against pulmonary fibrosis is not due to the downregulation of inflammatory response to bleomycin [89] . This suggests that integrin αvβ6 plays an important role in the development of pulmonary fibrosis.
INTEGRINS IN CLINICAL TRIALS
The diverse roles of integrins in the pathogenesis of respiratory diseases have placed them as potential targets for therapeutic interventions. Table 3 summarizes the integrin antagonists that are currently in the development for the treatment of respiratory diseases such as asthma and NSCLC.
Currently, only the integrin α4β1 is being targeted for the treatment of inflammation in asthma. This is because integrin α4β1 recruits leukocytes into the airway and exacerbates inflammation via VCAM and ICAM interactions [61, [116] [117] [118] . Integrin antagonists such as Valategrast (R411), IVL745, Bio 1211, GW-559090X, HMR 1031 and TR14035 target these interactions [119, 120] . Nonetheless, they have failed to be effective during clinical trials. It is unclear whether the failure is due to the route of administration, bioavailability of the drugs, or attributed to functional compensation by the other integrins. Such integrins include integrin α5β1, which is found to be important for lymphocytes migration into the lung during sarcoidosis [49, 50] .
Besides using integrin antagonists to treat inflammation in asthma, other aspects of asthma such as airway wall remodeling should also be considered. The formation of tortuous blood vessels and accumulation of smooth muscle bulks are common structural changes in asthmatic airways [121] . These processes are mainly regulated by integrins such as integrin α1β1 that increases angiogenesis and integrin α5β1 that mediates survival signals to airway smooth muscle cells [53] . Hence, drug therapies targeting the integrins α1β1 and α5β1 are warranted for the treatment of asthma. Airway wall remodeling is characterized by inflammation and fibrosis (increased deposition of ECM proteins) that deteriorates lung function. TGFβ, a pleiotropic cytokine that drives the inflammation and matrix deposition is implicated in * Difficulty in balancing due to structural defects of the inner ear.
* Not determined. [158, 159] α9 * Born alive but develop bilateral chylothorax.
* Despite temporal and spatial expression of α9 on nonlymphatic tissues (epithelium, airway and gut smooth muscle, choroid plexus and liver) during development, its expression was not altered. Embroyonic Development * Inner cell mass deterioration due to the lost of β1 integrin-mediated survival signaling.
Heart * Cardiac muscle in the heart becomes smaller and degenerates.
* Alterations in the sarcomeric architecture.
* Hypertrophic changes in the heart. * Display replacement fibrosis -the formation of fibrous tissues at sites where the cells are atrophied, degenerated and necrotic. Bone * Impaired membranous bone formation, characterized by decreased cortical bone formation and reduced bone mass in cortical and flat bones.
* Not determined. [170] [171] [172] [173] [174] ( * β7 is required for lymphocytes to adhere on vasculature at the site for transmigration into the GALT.
[ 183] asthmatic and COPD airway remodeling [122] [123] [124] . The activation of TGFβ is integrin α vβ5-and α vβ8-dependent and these two integrins have been shown to be expressed on airway smooth muscle cells (αvβ5) and airway fibroblasts (αvβ8) and their expression are increased in asthma and COPD [10, 56, 125] . Hence, integrins αvβ5 and αvβ8 represent attractive targets for the treatment of airway remodeling in asthma and COPD.
Besides utilizing integrin antagonists, integrin inhibitors have been conjugated to cytotoxic drugs. This is done by synthetic chemistry or by coupling the inhibitors to biomacromolecules via DNA recombination technology or fusion protein technology to facilitate drug delivery into the targeted cells, such as cancerous cells in NSCLC and leukocytes in asthma [126] . For example, the ACDCRGDCFC peptide is conjugated with the antimicrobial synthetic peptide (KLAKLAK) 2 and targets the integrins αvβ3 and αvβ6 in NSCLC [127] . ACDCRGDCFC is a targeting domain for integrins αvβ3 and αvβ6, which homes the proapoptotic peptide to the targeted cells for further internalization. (KLAKLAK) 2 is a proapoptotic domain. This conjugation is designed to be toxic only when internalized into the cells because it specifically disrupts mitochondrial membranes. It shows significant tumour reducing effect and reduced lung metastasis burden in preclinical trials [127] .
Some integrin antagonists are applied in combination with the standard anti-cancer therapies. One such example is Vitaxin II which targets the integrin αvβ3 in NSCLC. It is currently under Phase I clinical trial [19] . Other integrin antagonists that are currently under Phase II clinical trials for NSCLC are Cilengitide and Volociximab. Cilengitide targets the integrins αvβ3 and αvβ5 whereas Volociximab targets ( * Interferes with inflammatory cell degranulation.
* Terminated due to the lack of drug efficacy in asthmatic patients.
Asthma [189, 190] GW-559090X Terminated at Phase II * Inhibits eosinophil recruitment and allergen induced airway hyperresponsiveness in rat and guinea pig models of ovalbumin-induced lung inflammation.
* Terminated because it does not reduce the early and late asthmatic response in a population of atopic asthmatic patients.
* Not effective in allergen-induced airway hyperresponsiveness or exhaled nitric oxide levels of asthmatic patients.
Asthma [191] HMR 1031 Terminated at Phase II * Substantially reduces allergen-induced airway inflammatory and airway hyperresponsiveness in sensitized mice and sheep respectively.
* Terminated due to lack of effect in subjects with atopic asthma.
Asthma [192] TR14035 Phase I * Dual antagonist for α4β1/α4β7-mediated leukocyte cell adhesion.
* Suppresses airway hyperrespoinsiveness to 5-HT and reduces the number of eosinophils, neutrophils, lymphocytes and macrophages in bonchoalveolar lavage fluid of sensitized Brown Norway rats.
* Blocks VCAM/VLA-4 interactions and allergen-induced airway responses in a sheep model of asthma.
* This drug was reported to be in Phase I clinical trial for asthma. Since this drug is no longer listed under GSK's pipeline, the status of the current development of this drug is unknown.
Asthma [193, 194] α4β1;
α4β7 Vitaxin II applied in combination with cancer therapy Phase I * Ongoing study with no data reported yet. NSCLC [19] α5β1 Volociximab Phase II * Exhibit encouraging safety profiles in Phase I clinical trial.
* Ongoing study with no data reported yet.
NSCLC [129] the integrin α5β1. Both drugs have anti-angiogenic effect in NSCLC and showed encouraging safety profiles in Phase I trials [128, 129] .
Currently, there are only 3 integrins (αvβ3, αvβ5 and α5β1) targeted in NSCLC. These integrins are targeted mainly for their anti-angiogenic function in tumors. Given that other integrins (α1, α11 and αvβ6) are also involved in NSCLC disease progression, antagonists against these integrins should be considered for therapeutic development [52, 58, 66, 67] .
The study of integrin antagonists should also be extended to other lung diseases such as emphysema, epithelial injury and repair, pulmonary fibrosis, pneumonia and sarcoidosis, whereby integrins play important roles ( Table 1) .
CONCLUSION
We have reviewed and highlighted the importance of integrins in mediating various respiratory disease progressions. Integrins are promising therapeutic targets. Nonetheless, the complexity and diversity of integrins present a major challenge for drug development. Recent advances in the understanding of the integrin function and their signaling mechanisms using the gene knockout technology have aided in the development of integrin antagonists. This is coupled with the possibility of altering integrin signaling in respiratory diseases. Collectively, drugs targeting integrins hold great potential for the treatment of respiratory diseases in the future. * Ongoing study with no data reported yet.
NSCLC [128, 195] 
